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FOREWORD 

This report was prepared under contract No. NASW-1785 for NASA Head- 
quarters, Office of Advanced Research and Technology, Research Division, 
under the technical direction of M r .  I.R. Schwartz. The research was 
conducted a t  the Mechanical Engineering Laboratory, General Electric 
Research and Development Center i n  Schenectady, New York. 
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Local surface heat transfer rates were measured on a sharp f l a t  plate 
with helium a t  Mach numbers of 67.3 and 86.83in a hypersonic shock 
tunnel. 
16,500 and leading edge budsen numbers were 8.39 and 1 7 . 1  respectively. 
Towards the leading edge region the heating rates were much less than 
the weoretical prediction of L i  and Nagamatsu due t o  the rarefied flow 
effects but much greater than the diffuse free molecule l i m i t .  

The strong interaction parameter, Mi/&? varied from 730 t o  

Surface heat transfer rates i n  the corner flow region produced by the 
intersection of two perpendicular f l a t  plates with sharp leading edges 
were determined with a i r  a t  a Mach number of approximately 19.  Tests 
were conducted a t  rarefied and continuum flow conditions with u n i t  
Reynolds numbers of approximately 900 and 29,000 with corresponding 
leading edge Knudsen numbers of 35 and 1.0. A t  low density conditions 
the local heating rates were increased approximately 35 percent i n  the 
vicinity of the corner region, but a t  continuum f law conditions the heat 
transfer rates were not increased as much as the rarefied hypersonic 
flow. 
flow region with the strong interaction theory of L i  and Nagamatsu, it 
was possible to  determine the corner flow effects on the heating rates. 

By comparing the local heat transfer coefficient i n  the corner 
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1 . 0  INTRODUCTION 

For the development of future hypersonic manned vehicles such as the 
hypersonic cruise airplanes and space shuttle, the most c r i t i ca l  problem 
is associated with the viscous-inviscid interactions on the l i f t i ng  sur- 
faces and hypersonic inlets  a t  high altitudes. 
f o r  these hypersonic vehicles w i l l  be i n  the range of 5 t o  26 and 
altitudes of 10 to 70 miles. 
garding the shock wave and viscous interaction phenomena for  f l igh t  
Mach numbers of over 100 f o r  space vehicles re-entering the atmosphere 
from distant planets. 
corner region between the intersection of the l i f t i ng  surface with the 
body and with f i n  surfaces is not too well understood. 
of shock waves, generated by the fore bodies, on the a f t  sections and 
l i f t ing  surface can produce extremely high local heat transfer rates. 
These hypersonic viscous f l aw phenomena w i l l  occur over a range of flow 
conditions from free molecule a t  extremely high altitudes, rarefied 
f l o w  with s l i p  flow a t  the intermediate altitudes, and continuum flaw 
a t  low altitudes. The local induced pressure, heat transfer rate,  and 
skin fr ic t ion depend upon the f l igh t  Mach number, altitude, and the 
shape of the vehicle exposed t o  the atmosphere. The available experi- 
mental and theoretical references on the hypersonic rarefied flow 
phenomena are s t i l l  limited because of the complexity of the flow and 
the difficulty i n  obtaining experimental and analytical results. 

The f l ight  Mach numbers 

Also, there is need for information re- 

A t  these hypersonic Mach numbers the flow i n  the 

The impingement 

Rarefied hypersonic flow past a f l a t  plate w i t h  a sharp leading edge 
has been investigated in  various experimental fac i l i t i es  t o  determine 
the formation of the shock wave and the boundary layer a t  the leading 
edge region. These experimental s tudiesl-8 have indicated that close 
t o  the leading edge of a sharp f l a t  plate the f l aw can be described on 
the basis of kinetic theory. And downstream of this  region the shock 
wave and boundary layer are merged with velocity s l i p  and temperature 
jump f o r  rarefied hypersonic flow conditions. The length of the non- 
continuum flow region is  dependent upon the free stream Mach number and 
the mean free path i n  the free stream. 
s l i p  flaw a t  the surface the shock wave and the boundary layer ar 
merged with no s p a t  the surface as i n i t i a l ly  discussed by Shen and 
L i  and Nagamatsuf6911, as the strong interaction region. As the boundary 
layer develops on the plate the shock wave and the boundary layer be- 
come separated and farther downstream the shock wave becomes weak and 
is located f a r  away from the boundary layer. This region is referred 
to as the weak intera tion as postulated by Lees and Probstein12. 
Various investigators E3-16 have analyzed the strong interaction region 
a t  hypersonic Mach numbers with no s l i p  flow a t  the plate surface and 
the results are simila b t when the s l i p  f l o w  eff c s are large both 
local induced pressure ':43g and heat transfer rates !I 9 E 9 are drastically 
less than that predicted by strong interaction theories with no wall 
s l ip .  

Besides the experimental investigations of the hypersonic leading edge 
phenomena numerous theoretical studies have been conducted t o  solve the 
problem by making certain assumptions regarding the flow i n  the vicinity 

Following the region of the 

6 



of the leading edge. 
adequate for  the accurate prediction of the induced pressure, local heat 
transfer ra te ,  skin friction, and shock wave and boundary layer shapes 
for two- and three-dimensional surfaces in rarefied hypersonic flow 
conditions. 
f l a t  plate w i t h  the leading edge Knudsen number, which is the rat io  of 
the mean free path in  the free stream to the leading edge thickness, 
greater than 1, the flow may be considered as being i n  the near free 
molecule region where the kinetic theory may be applicable. L i  and 
Nagamatsul6 applied the kinetic theory concept to show that the s l i p  
flow region over a sharp plate is a function of e free stream Mach 
number and the mean free path. Charwatl7, Bird1? and Huanglg have 
analyzed the leading edge flow phenomena by considering the collision 
of the molecules w i t h  the surface for rarefied flaw conditions. W i t h  
the assumption that the shock wave and boundary layer are merged i n  
the vicinity of the leading ed e, Oguchi20 
Probstein22, Ruhan and Rubin23, and Eilert4 have obtained solutions 
with velocity s l i p  and temperature jump a t  the surface. The analytical 
predictions of the rarefied hypersonic flow from these theories are 
s t i l l  limited in  applicability and require further refinements i n  the 
analysis and additional experimental data t o  define the rarefied hyper- 
sonic flow over a f l a t  plate more explicitly. 

The existing theoretical results are s t i l l  not 

In the immediate vicinity of the leading edge of the sharp 

Ghow21, Shorestein and 

The three-dimensional viscous flow occurring along the corner of two 
intersecting f l a t  plates has been investigated experimentally and 
theoretically i n  recent years for  supersonic and low hypersonic free 
stream Mach numbers, and a sununary of the limited available publications 
on the subject is presented in  Refs. 28 and 30. Charwat and RedekeoppZ6 
investigated the corner f l aw formed by two intersecting wedges over a 
Mach number range of 2 t o  4. 
they were able t o  determine the complex shock wave and boundary layer 
existing in  the corner region. 
corner flow existing between the two intersecting f l a t  plates i n  a 
hypersonic blowdown tunnel a t  a Mach number of 11 .2 .  Both surface pres- 
sures and local heat transfer rates were determined i n  the corner region 
and impact pressure and to ta l  temperature surveys were conducted t o  deter- 
mine the shock wave and boundary layer i n  the corner flow, 
phenomena existing in  the corner regiog was determined over a range of 
the strong interaction parameter x = &Il/- with the maxim value of 5 
for the survey. For this  value of the strong interaction parameter the 
shock wave and boundary layer interaction a t  the leading edge region is 
not large so  that the induced pressure on the surface is  also quite low. 
Pal and RubinZ7 have investigated analytically the incompressible viscous 
flow along a right angle corner. No analysis has been conducted f o r  the 
corner flow in  rarefied hypersonic flow a t  high Mach numbers. 

By careful probing of the corner flow 

Nardo and CresciZ9 investigated the 

The flow 

The present report presents the heat transfer results for the leading 
edge phenomena on a f l a t  plate i n  rarefied helium flows a t  Mach numbers 
of 67.3 and 86.8. These extremely high Mach numbers were selected for 
the purpose of extending the s l i p  flow region i n  the vicinity of the 
leading edge region and t o  investigate the 1071 heat transfer rates a t  
a very high strong interaction parameter of 10 . Also, the effects of 
monotonic gas compared to  the diatomic gases on the rarefied hypersonic 
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f low phenomena were studied by the use of helium gas instead of a i r  as  
presented in  most published experimental data on the subject . Henderson31 
had investigated the induced pressure distribution for  a sharp f l a t  plate 
i n  helium a t  a Mach nmber of 40 for high enough density so  that continuum 
flow conditions existed on the plate with a m a x i m  strong interaction 
parameter of approximately 140. The local heat transfer rates for  the 
plate a t  these high Mach numbers are correlated with the strong inter-  
action theory of L i  and Nagamatsull and the free molecule flow values 
with the assumption of diffuse reflection a t  the surface. 

Besides the study of the flow over a f l a t  plate with helium, a pre- 
liminary investigation was  conducted t o  study the viscous hypersonic 
flow in  the corner region of two intersecting f l a t  plates w i t h  sharp 
leading edges. These investigations were conducted with a i r  a t  a Mach 
number of approximately 19 for continuum and rarefied flow conditions. 
The local heat transfer rates were determined i n  the corner f l aw region 
by locating the vertical plate a t  various distances from the center l ine 
of the horizontal plate containing the gages. 

3 



2.0 EXPERTMENTAL APPARATUS AND MODEL 

2 . 1  The Tests with Helium and Air 

The tes ts  with helium and a i r  as the t e s t  gas were conducted i n  the 
straight through test section of a multiple nozzle, combustion driven 
shock tunnel described in Ref. 32. 
in. diameter was evacuated and f i l l ed  with helium o r  dry a i r  as  the 
working gas. A t  the end of this  driven tube a conical nozzle with a 
total  angle of 30" and an exit diameter of 24 in.  was  attached. The 
nozzle is placed inside a 200 cubic foot dump tank which is normally 
evacuated to  less than 3 microns of mercury t o  fac i l i t a te  the flaw 
establishment with weak start ing shock waves. A scribed diaphragm is 
placed ju s t  upstream of the nozzle entrance which bursts with the arrival 
of the incident shock wave. The throat diameters f o r  the present in- 
vestigations to  produce helium flow Mach numbers o 67.3 and 86.8 were 
0.190 and 0.100 in.  respectively. 
with a i r ,  the larger throat diameter of 0.190 in. was  used t o  produce 
a flow Mach number of 19 i n  the t e s t  section. The incident shock wave 
reflects from the end of the 4 in.  driven tube and the compressed and 
heated gas produced by the reflected shock wave expands into the nozzle 
to produce rarefied hypersonic flows. 

"he 103 foot long driven tube of 4 

For the corner flow investigation 

A Berkeley counter w a s  used t o  measure incident shock wave velocity t o  
determine the reflected stagnation temperature by assuming equilibrium 
flow af ter  the shock waves. The reflected pressure a t  the entrance to 
the nozzle w a s  measured with a Kistler piezoelectric pressure transducer. 
To minimize the vibrations due to  the opening of the scribed diaphragms 
a t  the driver and nozzle ends of the driven tube, the f l a t  plate was  
mounted on a hollow sting independently supported and isolated from the 
dump tank and the floor. The shielded electrical  leads from the piezo- 
e lectr ic  impact pressure and sputtered platinum heat gages were brought 
out through the sting t o  the amplifiers before going to the oscilloscopes. 
A detailed description of the shock tunnel, instrumentation and pro- 
cedures for  determining the flow condition i n  the t e s t  section is pre- 
sented i n  Refs. 32 and 33. 

2 .2  Flat Plate Models 

The f l a t  plate heat transfer model used for the heat transfer investi- 
gation w i t h  helium and air is shown i n  Fig. l a .  With this  model it is 
possible t o  vary the leading edge thickness from 0.001 t o  0.500 in.  by 
attaching thicker pieces a t  the bottom wedge surface of the plate. 
wedge angle for the plate w a s  1 5 O ,  and two thin side plates were attached 
to  sides of the 10 in. by 16 in.  long plate,  Fig. l a ,  to  prevent the 
disturbances from the bottom surface affecting the heat transfer mea- 
surements. For the investigation of the heat transfer distribution in 
the hypersonic corner flows, another f l a t  plate with dimensions of 6 in .  
and 16 in.  with a leading edge thickness of 0.001 in .  was mounted 
perpendicular t o  the horizontal plate with the heat gages as shown i n  
Fig. lb.  
from the centerline of the horizontal plate,  and for  the present preliminary 

The 

I t  was  possible to mount the vertical plate a t  various distances 
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corner flow investigation the plate w a s  placed a t  0.50, 1 .00,  and 1 . 5  
in. from the center line. 

Twelve sputtered platinum heat gages were located along the center of 
the plate a t  distances of 0.19 t o  12.94 in.  from the plate leading edge. 
Platinum w p  sputtered on a backing of Pyrex to  a thickness of approxi- 
mately 350A and electrically insulated by a thin f i l m  of si l icon dioxide, 
Two different sets  of sputtered platinum heat gages were used to  deter- 
mine the local heat transfer ra te  along the plate surface for helium a t  
very high Mach nmibers. 
s e t  of heat gages was used. The impact pressure i n  the plane of the 
leading edge, cf. Fig. l a ,  was measured with a Kistler quartz piezo- 
e lectr ic  pressure transducer. To obtain accurate calibrations, both 
the heat gages and the impact pressure gage were dynamically calibrated 
in  the 8-inch diameter shock tube, before and af te r  each series of tes t s  
as discussed i n  R e f .  34. 
horizontal plate on the center of the conical nozzle just  downstream of 
the exi t .  

For the corner flow study with a i r  the second 

Both f l a t  plate models were mounted with the 
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3.0 TEST CONDITIONS AND DATA ANALYSIS 

3.1 Flow Conditions i n  the Test Section 

The reflected stagnation temperatures a t  the end of the driven tube for 
both helium and a i r  were calculated by the shock wave equations. 
these calculations the temperature and the pressure in  the driven tube 
were determined before each shot and the shock velocity was measured a t  
the end of tube. 
2280'R s o  that  the rat io  of the specific heats w a s  taken t o  be 1.67. 
But with a i r  the reflected temperature was approximately 2100°R, which 
w a s  calculated by assuming the a i r  t o  be in  equilibrium af te r  the in- 
cident and reflected shock waves as discussed i n  Refs. 32 and 33 with 
the equilibrium thermodynamic properties for 
reflected pressures were high enough for  the temperature t o  have nearly 
equiliQ2ium conditions i n  the reservoir and i n  the nozzle expansion 
region . 

For 

With helium the reflected temperature w a s  approximately 

With a i r  the 

With helium the reflected pressure and temperature were approximately 
1350 psia and 2280"R respectively f o r  both flow Mach numbers i n  the 
tes t  section of 67.3 and 86.8. 
uti l ized to  produce the desired shock Mach number i n  the driven tube 
to produce the reflected stagnation condition a t  the entrance to the 
nozzle. With a i r  the experiments were conducted over a range of re- 
flected stagnation pressure, P5, from 75 t o  2220 psia and stagnation 
temperature, Tg, of approximately 2100'R a t  a test section Mach number 
of approximately 19 t o  study the heat transfer i n  the corner flow 
region of two intersecting f l a t  plates. For both helium and a i r  the 
impact pressure a t  the plate leading edge plane was used to  determine 
the leading edge Mach number using the real  gas properties through the 
normal shock wave for  a i r .  With helium the stagnation temperature and 
pressure were low enough s o  that  perfect gas relationships were used t o  
determine flow Mach number from the measured impact pressure. 

A combustion driver technique w a s  

3.2 Heat Transfer Gage Data Analysis 

To obtain the heat gage calibration, the gages were mounted i n  a f l a t  
plat  and placed i n  the center of the 8 in. diameter calibration shock 
tube54. A piece of Plexiglas, which extended 8 in.  forward from the 
leading edge and along the side of the f l a t  plate, was  used to  produce 
surface conditions that  simulated a w a l l  mounting of the f l a t  plate.  

As a weak shock wave passes over the heat gage, there is a step rise i n  
the temperature of the gage which produces a voltage change across the 
gage. For a step temperature increase, the heat transfer rate q( t )  for 
the assumed semi-infinite backing material is 
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where (pC k)b are the density, specific heat, and thermal conductivity, 
respect iz ly ,  of the backing material fo r  the thin f i l m  gages, and AT 
is the temperature r i s e  of the gage, which is observed as the voltage 
change AE on the oscilloscope. The change i n  the gage resistance, AR, 
due to  a surface temperature change, AT = Tf - To, is 

where R, and Rf are the gage resistances a t  temperatures To and Tf,  and 
a is the resis t ivi ty .  The gage is operated a t  a constant current I and 
thus, the voltage change AE across the gage for  a temperature change AT 
is 

(3) AE = IAR = I QaAT 

%- For a constant wall temperature, Tw, the local heat transfer ra te  a t  
w a l l  from the passage of a normal shock wave over a plate is given by 

where & and vw are the gas conductivity and kinematic viscosity a t  the 
wall temperature, Tw,i is the insulated wall temperature, u and u, are 

is a coefficient tabulated in Ref, 38. By equating Eqs. (1) and (2) 
the value of the gage coefficient J w / a  can be determined by 

the free stream velocities before and af te r  the normal sho 2 , and S'(0) 

AE - a 

The heat gages were calibrated over a shock Mach nmiber range of 1 .5  t o  
3, and the calibrating shots were adjusted to  produce pressure rises on 
the plate surface corresponding t o  the pressure increases encountered 
in  the t e s t  section flows. 
tained any s t ra in  gage effects that  the thin platinum f i l m  might exhibit 
under the pressure loading. Also, a l l  of the electronic circuits re- 
lated to each gage, including the oscilloscope used in  the calibration 
were also used i n  the actual tes ts  i n  the shock tunnel. 

By th is  method the gage calibration con- 

The reduction of the temperature- time oscilloscope traces requires the 
relationship between the heat transfer ra te  q( t )  and temperature T(t) ,  
and such a relationship is given i n  Ref. 39 as 
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r t 1 

- " L  0 I 
The local heat transfer rates were calculated from this equation using 
the voltage-time traces of the gages and the gage coefficients deter- 
mined from the calibration shock tube. 
heat gage trace, a GE 605 computer w a s  utilized. 

To solve this  equation f o r  each 

3.3 Viscosity and Knudsen Number for  Helium and A i r  

The helium viscosity relationship from Ref. 40 i n  terms of slugs per 
foot-sec. is given by 

1-1 = 7.173 x 10'' ( 7) 

where T is the absolute temperature i n  O R .  

perfect gas f o r  the pressures and temperatures encountered in  the experi- 
ments so that the rat io  of specific heats w a s  taken t o  be y = 5 / 3 ,  and 
the values of Cp, &, and R were taken to  be constant i n  the reduction 
of the data. 

Heliumwas treated as a 

With a i r  as the test gas the local s t a t i c  temperature i n  the vicinity 
of the plate was approximately 30'11 a t  a Mach number of 19. And for 
this low temperature, the equation for  the viscosity i n  slugs per foot-sec. 
was taken to be 

i-1 = 8.04 x 10-l '  T, 0 - -  < T < 180°R (8) 

Since the reflected stagnation tempe 
gas was  assumed to  be i n  equilibrium 33993 i n  the reservoir as well as 
during the expansion process in  the nozzle. 
of 400°R i n  the nozzle, the a i r  was  assumed t o  be a perfect gas w i t h  a 
constant r a t i o  of specific heats of 1.40. 

t r e  was  i n  the range 2100°R, the 

Below a s t a t i c  temperature 

The mean free pa a t  the plate leading edge A1 was  determined for  both 
helium and a i r  by 91 

where Vl is the average molecular velocity given by 

1/ 2 
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For both gases the leading edge Knudsen number is defined as the rat io  
of the mean free path ahead of the plate t o  the leading edge thickness 
t, 

- x1 Knl - - 
t 

It  w a s  shown i n  Ref .  16 from the kinetic theory standpoint that the 
distance traveled along the plate for  a time of one intermolecular col- 
l ision in the free stream is given by 

which indicates that  a t  high Mach numbers the leading edge s l ip  flow 
region can become appreciable. 
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4.0 HEAT TRANSFER FOR A FLAT PLATE I N  RAREFIED HYPERSONIC HELIUM FLOWS 

The heat transfer on a sharp f la t  plate, Fig. l a ,  was investigated a t  
flow Mach numbers of 67.3 and 86.8 w i t h  helium as the t e s t  gas. 
these studies of rarefied hypersonic flow effects a t  extremely high Mach 
numbers, the reflected stagnation pressure and temperature were approxi- 
mately 1340 psia and 2280OR respectively, as indicated i n  Table I. 
These reflected flow conditions were achieved with the use of a combustion 
driver and the driven tube f i l l edwi th  helium. Local heat transfer rates 
were calculated by numerically integrating the voltage-time trace f o r  
each gage using Eq. (6). These results are presented i n  Fig. 2 as a 
function of the distance from the leading edge for flow Mach numbers of 
67.3 and 86.8. Two different sets of heat gages were used to determine 
the local heat transfer rates a t  these Mach numbers. For these tests 
the rat io  of the wall temperature to  free stream stagnation temperature 
was 0.237. A t  a Mach number of 67.3 the unit  Reynolds number w a s  13,240 
and leading edge Knudsen number of 8.39 s o  that the local heat transfer 
rate increased monotonically towards the leading edge of the f l a t  l a te ,  
the previous investigation w i t h  a i r  a t  Mach numbers of 19.2 and 2 2 4 ,  
Ref. 5, the local heat transfer rates increased rapidly towards the 
leading edge f o r  unit  Reynolds numbers larger than 6,000 and leading edge 
budsen numbers less than 6 a t  a free stream Mach number of 25.4. Thus, 
with helium at a Mach number of 67.3 the unit  Reynolds number is high 
enough so that the rarefied flow effects on the local heat transfer ra te  
i n  the vicinity of the leading edge are not too large. 

For 

fn 

As the flow Mach number i n  the t e s t  section was  increased t o  86.8 w i t h  
approximately the same reflected stagnation condition, the unit Reynolds 
number decreased to  8,270 and the leading edge Knudsen number increased 
t o  1 7 . 1  as presented i n  Table I .  For these lower density conditions i n  
the t e s t  section, the local heat transfer rates did not increase rapidly 
towards the leading edge i n  Fig. 2 compared t o  the Mach 67.3 case w i t h  
higher density in  the t e s t  section. 
distribution is similar to  that observedwith a i r  i n  Ref. 5 for a flow 
Mach number of 25.4 with unit Reynolds number of 2241 and leading edge 
Knudsen number of 16.9. I t  was  observed i n  Refs. 3, 5,  and 8 that  a t  
very low density hypersonic flow conditions the local heat transfer ra te  
is nearly constant over the i n i t i a l  portion of a sharp f l a t  plate. 
results would indicate that  the rarefied flow effects were present for 
the helium at  a Mach number of 86.8, but t o  achieve nearly constant heat 
transfer rates a t  the plate  leading edge region, it is necessary to 
operate a t  lower free stream density conditions w i t h  unit Reynolds num- 
ber less than 2,000 and leading edge Knudsen number greater than 60. 

The shape of the local heat transfer 

These 

The comparison of these preliminary heat transfer results w i t h  helium 
a t  very high Mach numbers with the a i r  data5 a t  Mach numbers of 19.2 
and 25.4 indicates that  f o r  a given unit  Reynolds number greater rarefied 
flow effects are observed a t  the higher Mach numbers w i t h  helium than 
a i r  a t  lower Mach numbers. 
transfer rates indicate that flow Mach number, unit  Reynolds number, and 
leading edge Knudsen number are variables which influence the de ree of rarefied 

Thus, these results for  the local heat 

flow phenomena. Additional investigations w i l l  be conducted w i  tB helium 
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a t  higher and lower densities than that existing a t  Mach numbers of 
67.3 and 86.8 for the present tes t s ,  and also helium a t  lower Mach 
numbers and higher density w i l l  be conducted t o  minimize the rarefied 
flow phenomena an t o  correlate with the strong interaction theory of 
L i  and Nagamatsul', based upon the assumption of no s l i p  flow a t  the 
surf ace. 

To obtain some indication regarding the level of the local heat transfer 
rate relative t o  the free stream kinetic energy and the distance along 
the plate i n  terms of the mean free path 11 i n  the free stream, the 
local heat transfer rates normalized by the free stream kinetic energy 
are presented in  Fig. 3a and 3b as a function of the mean free path 
along the plate for the two Mach numbers of 67.3 and 86.8. 
figures the free stream kinetic energy was taken to  be the value existing 
a t  the leading edge of the plate. For a free molecule flow with diffuse 
reflection a t  the surface, the heat transfer would be constant along the 
plate as discussed in  Ref. 42. And the normalized heat transfer rate is 
given by 

For these 

where y is the ra t io  of specific heats, 5/3 for  helium. 
this quantity f o r  flow Mach numbers of 67.3 and 86.8 are presented in 
these figures. 

The values of 

For a flow Mach number of 67.3, Fig. 3a, the first heat gage is located 
a t  approximately 23 mean free paths from the plate leading edge. 
the distance traversed along the plate f o r  the time of one collision in  
the stream, given by Eq. (12), is 0.565 in., which corresponds t o  67.3 
mean free paths from the leading edge. This distance corresponds t o  a 
location between the second and third heat gage on the plate. 
scatter i n  the heat transfer rates between the two sets of heat gages 
are small as indicated in  this figure. 
rates a t  the plate leading edge region are much higher than the value 
for a free molecule flow with diffuse reflection. Similar results were 
observed with a i r  a t  Mach numbers of 19 .2  and 25.4 for  various density 
conditions i n  Ref. 5. Towards the back end of the f l a t  plate the local 
heat transfer rates were less than the free molecule value because of 
the viscous effects producing thick boundary layers a t  hypersonic Mach 
numbers. 

But 

The 

The experimental heat transfer 

In Fig. 3b the normalized heat transfer rates are presented as a function 
of the mean free path for  a flow Mach number of 86.8. Because of the low 
free stream density in  the t e s t  section, there was slightly greater 
scatter i n  the heat transfer rates towards the leading edge compared t o  
the previous lower Mach number of 67.3 in  Fig. 3a. A t  th is  higher Mach 
number the f irst  heat gage is  located 10.5 mean free paths from the 
leading edge, and the distance traversed along the plate in  the time of 
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one collision in  the free stream is approximately 1.5 in. 
corresponds t o  a' location slightly downstream of the sixth heat gage. 
The heat transfer rates over this  distance are much higher than the value 
based upon the free molecule flow with diffuse reflection and also are 
not constant as postulated for a free molecule flow. Again the local 
heat transfer rates towards the a f t  portion of the plate are sl ightly 
less than the free molecule value for  a Mach number of 86.8 and w a l l  
temperature ra t io  of 0.237. 

This distance 

There are a number of theories on the hypersonic leadin ed e flow 
phenomena i n  the free molecule to  continuum flow region 86-2f. Most of 
the available theories consider the flow to  be in  continuum flow w i t h  
s l i p  a t  the plate surface and s e references t rea t  the problem 
from the kinetic theory concept '''1gf2? But the existing theories do 
not consider a l l  of the important physical parameters, free streamMach 
number, unit Reynolds number, wall temperature ra t io  and leading edge 
Knudsen number. I t w a s  observed i n  R e f .  5 that  by keeping the leading 
edge Knudsen number constant for leading edge thicknesses of 0.001 and 
0.010 in.  a t  a flow Mach number of 19.2,  the local heat transfer coef- 
f icient was not the same, and by keeping the unit  Reynolds number 
constant and leading edge Knudsen differed by a factor of 10 ,  the local 
heat transfer variation with the strong interaction parameter w a s  not 
the same because of the leading edge bluntness effects. The existing 
theories do not contain the leading edge budsen number explicitly i n  
the analysis. In R e f .  8 some of the existing theories have been com- 
pared with the experimental f l a t  plate pressure and heat transfer 
measurements. 

To determine the effects of wall temperature ra t io  on the surface in- 
duced pressure and local heat transfft$ rate on a f l a t  plate a t  hyper- 
sonic Mach numbers, L i  and Nagamatsu 
solution concept. 
noninsulated hypersonic flow, the free stream Mach number was considered 
t o  be much greater than sonic, and the velocity a t  the edge of the 
boundary layer was nearly constant and equal to  the free stream velocity. 
The induced pressure near the plate leading edge was assumed t o  vary as 
x-lI2 as originally sho 
number of investigators y2 :t, y6 i n  the no s l i p  flow region, o r  continuum 
flow a t  high density conditions. Besides these conditions, it was 
assumed that the Prandtl number of the fluid was unity and the viscosity 
was a linear function of the temperature. With these assumptions the 
hypersonic boundary layer equations were transformed into a system of 
ordinary differential  equations. In Ref. 11 and 44 these were solved 
for the ra t io  of specific heats of 1 . 4  and 1.67 and for  ratios of wall 
t o  stagnation temperature of 0 to  2.0. 

applied the method of s in i la r  
For the application of the similar solutions to a 

. 10 and observed experimentally by a 

Within the framework of the above approximations for the similar solu- 
tions, the strong interaction between the leading edge shock wave and 
the viscous boundary layer on a f l a t  plate 
acterized by the following general 
is given by 

i n  hypersonic flow is char- 
The heat transfer coefficient 
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where 

H5 = stagnation enthalpy 

4 = wall enthalpy 

and Re, = p ulx/pl is the Reynolds number based on the free stream density 
p 
d e  expression for D and i ts  values are presented i n  Ref. 11 as functions 

viscosi%y p , and velocity u1 and M1 is the free stream Mach number. 

of t h e r a t i o  

Eq. (14) can 

of the specific heats and w a l l  temperature ratio.  

also be written as 

and this relationship was  used t o  correlate the experimental heat 
transfer data w i t h  the theoretical predictions i n  Figs. 4a - c, for  
helium flow Mach numbers of 67.3 and 86.8. The local heat transfer 
data w a s  used t o  calculate the heat transfer coefficient and the 
conditions existing a t  the f l a t  plate leading edge were used for the 
correlation. 
x = MI/%, varied from 740 t o  6000 for  the heat gage locations as 
shown i n  Fig. 4a. And the leading edge hudsen number was 8.39 w i t h  
unit Reynolds number of 13,240. 
range of 740 to approximately 2500 the parameter MlCh varied nearly 
linearly w i t h  x with the slope close to  that predicte?l by the L i -  
Nagamatsull theory for  the cooled wall condition. But the experimental 
curve was  shifted to  the right, which could be due t o  the s l ip  f l aw 
phenomena near the leading edge because of the reasonably large leading 
edge hudsen number and the high free stream Mach numberg 
strong interaction parameter range of 2500 to 6000 the MIChl values 
depart from a straight l ine because of the s l i p  flow effects as observed 
in Ref. 5 w i t h  a i r  a t  Mach numbers of 19.2 and 25.4. The departure from 
the linear variation is not very large i n  the vicinity of the leading 
edgep which indicates that  the s l i p  flow effects are not large because 
of the reasonably high unit  Reynolds number. In this figure the diffuse 
free molecule flow value is  also plotted, and the comparison with the 
experimental local heat transfer rates indicate that even i n  the vicinity 
of the leading edge the heating rates are much greater than the free 

For the Mach 67.3 t e s t  the strong interaction parameter, 

Over the strong igteraction parameter 

For the 
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molecule value. 
densities and large Knudsen number are necessary a t  a flow Mach number 
of 67.3 to  achieve heat transfer rates predicted by the diffuse free 
molecule flow theory. 

Much lower unit  Reynolds number or  low free stream 

In Fig. 4b the local heat transfer results a t  a free stream Mach number 
of 86.8 are presented as a function of the strong interaction parameter 
x. For this t e s t  condition the strong interaction parameter varied 
from 2000 t o  16,500 and the leading edge budsen number was 1 7 . 1  for a 
unit Reynolds number of 8,270. 
4500 the local heat transfer coefficient varied nearly as x-$~, which 
is the predicted theoretical variation of L i  and Nagamatsull. 
the experimental heat transfer coefficient has a slope close to  the 
theoretical value f o r  the cooled wall condition but the curve is dis- 
placed to the right. 
t o  the s l i p  flow effects near the leading edge because of the large 
fiudsen number of 1 7 . 1  and very high flow Mach number of 86.8. 
x range of 4500 to  16,500, the heat transfer coefficient departs from 
the linear variation, predicted theoretical for  no s l i p  flow a t  the 
surface, and towards the leading edge with high x values the heat 
transfer coefficient is approaching a constant value. 
were observed a t  low density conditions with a i r  a t  Mach numbers of 
19.2 and 25.4 i n  R e f .  5. 

Over a x range of 2000 to ap oximately 

Again 

This displacement as a function of x could be due 

Over a 

Similar results 

The departure from the linear variation is greater for this  Mach number 
and unit Reynolds condition than for the lower Mach number of 67.3 in  
Fig. 4a. 
present for  the Mach 86.8 t e s t  conditions than fo r  the Mach 67.3. Even 
with the heat transfer coefficient approaching a constant value near the 
leading edge, the heat transfer rates are s t i l l  much greater than the 
diffuse free molecule value as is indicated i n  Fig. 4b. Thus, the free 
stream conditions must be very low for  a f l a t  plate a t  a Mach number of 
86.8 t o  achieve the diffuse free molecule value. 

These results indicate that greater s l i p  flow effects are 

The comparison of the variation of the local heat transfer coefficient 
with the strong interaction parameter for  a flow Mach number of 67.3 
and 86.8 is presented i n  Fig. 4c with the theoretical prediction of L i  
and Nagamatsu for  a cooled wall condition. 
x i s  from 740 t o  16,500 and i n  most of the available experimental 
references the strong interaction parameter and the flow Mach number are 
much less than the values obtained i n  the present investigation with 
helium. 
both Mach numbers are very close and agree w i t h  the theoretical pre- 
diction. 
slope departs from the linear variation for no s l i p  f l aw a t  the surface. 
By increasing the f l aw Mach number from 67.3 t o  86.8 w i t h  corresponding 
decrease i n  unit Reynolds number from 13,240 to  8,270, the region of 
linear variation of the heat transfer coefficient was  increased from 
2500 t o  approximately 4500 as shown i n  this figure. The diffuse free 
molecule heat transfqr coefficient increased with the free stream Mach 
number. 
number indicate that  the variation of the heat transfer coefficient with 

In this figure the range of 

The slopes of the experimental heat transfer coefficients for 

But towards the leading edge region for both Mach numbers the 

These local heat transfer results f o r  helium a t  very high Mach 
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the strong interaction parameter is proportional t o  x -3/4 as predicted 
in  Ref. 11 f o r  the region away from the leading edge where there is no 
s l ip  flow a t  the surface. 
gations must be conducted t o  determine the s l i p  flow effects on the 
local heat transfer rates and induced pressures at  very high flow Mach 
numbers i n  a i r  and helium flows. 

Further experimental and analytical investi- 

The normalized local heat transfer parameter 
Fig. 
free stream Mach number of 67.3. Over a r p g e  575 th& rarefaction 
parameter of 0.16 to  0.45, the parameter M1Ch/X 
indicating that  the s l i p  flow effects are small over the a f t  portion of 
the f l a t  plate. 
heat transfer coefficient is approaching'the slope of the diffuse free 
molecule heat transfer rate. 
action parameter varied from 740 to 6000 while the corresponding 
rarefaction parameter varied from 0.16 t o  1.353 for  
locations on the plate. with the rare- 
faction parameter from the constant value for the no s l ip  condition is 
not large. 
plate near the leading edge region. 
necessary a t  this Mach number of 67.3 t o  achieve greater rarefaction 
effects. Similar results for the local heat transfer rates from 
continuum t o  rarefied flow conditions were observed i n  Ref. 5 for  a i r  
a t  Mach numbers of 19.2 and 25.4. 
from 0.04 to 2.0 i n  these experiments and the s l i p  flow effects became 
noticeable f o r  a rarefaction parameter of approximately 0.3. 

A t  a flow Mach number of 86.8 the normalized heat transfer coefficient 
parameter was  nearly constant f o r  the rarefaction parameter range of 
0.26 t o  approximately 0.58, Fig. 5b. While for  a Mach number of 67.3, 
the s l i p  flow effects became evident for  rarefaction parameter of 
approximately 0.40, and f o r  a i r  a t  a Mach number of 25.4 in  Ref. 5 the 
s l i p  flow effects became noticeable for  a rarefaction parameter value 
of approximately 0.3. Thus, these experimental results f o r  the local 
heat transfer results for  a sharp f l a t  plate in  a i r  a t  Mach numbers of 
19.2 and 25.4 and in  helium a t  Mach numbers of 67.3 and 86.8 indicate 
that the value for  the rarefaction parameter a t  which the s l i p  flow 
effects begin toedecrease the local heat transfer rate increases 
with the flow Mach number. Over a range of rarefaction parameter of 
0.6 t o  2.2 for the Mach number of 86.8, the normalized heat transfer 
coefficient parameter is approaching the slope for  the diffuse free 
molecule heat transfer value as shown i n  Fig. 5b. But the value of the 
local heat transfer ra te  even a t  the large rarefaction parameter of 2.0 
is higher than the free molecule value. Similar results with a i r  a t  
Mach numbers of 19.2 and 25.4 were obtained i n  R e f .  5 a t  low density 
flow conditions. Additional experimental and analytical investigations 
must be conducted a t  hypersonic Mach numbers i n  a i r  and helium flows to  
resolve the phenomenon of the leading edge shock wave and boundary layer 
formation on a f l a t  plate. 

is presented in  
5a as a function of the rarefaction = MI/% for a 

is nearly constant 

But for the range of vm from 0.45 to 1.35 the local 

For this  Mach number the strong inter-  

92 heat gage The decrease in  the MlCh,/x 

Thus, the s l i p  flow effects are not large over the f l a t  
Lower density conditions are 

The rarefaction parameter varied 
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5.0 I-IEAT TRANSFER I N  HYPFXSONIC CORNER FLOW W I T H  AIR AT A MACH NUMBER OF 1 9  

The two f la t  plates w i t h  sharp leading edges used t o  investigate the 
hypersonic corner flow phenomenon are shown i n  Fig. lb. 
plate w a s  mounted perpendicular t o  the horizontal plate with the inter-  
section parallel  t o  the free stream and the leading edge of both plates 
i n  the same plane. Heat gages on the horizontal plate were located 
along the center l ine from 0.19 t o  12.95 in.  from the leading edge. 
Since the width of the sputtered platinum heat gages was approximately 
0 .5  in. ,  the increase i n  the local heat transfer ra te  due t o  the shock 
wave from the vertical plate is not as large as fo r  shorter width gages. 
For the present investigation the vertical  plate was located a t  0.5, 
1 .0 ,  and 1.5 in. from the centerline of the horizontal plate. 

The complete model w a s  mounted on a st ing i n  the shock tunnel with the 
leading edge of the 
meter conical nozzle 52934. The combustion driver technique w a s  used to 
produce the heated and compressed a i r  a t  the end of the 103 foot long 
driven tube. 
reflected stagnation temperature of approximately 2100OR a t  the entrance 
t o  the conical nozzle. The hypersonic corner flow phenomenon w a s  in- 
ves tigated a t  reflected stagnation pressures of approximately 75 and 
2200 psia w i t h  corresponding unit  Reynolds numbers of approximately 900 
and 29,600 respectively as presented i n  Table 11. 
stagnation pressures were selected to study the corner flow phenomenon 
f o r  rarefied and continuum flow conditions. Before these heat transfer 
investigations were conducted, the heat gages were calibrated i n  the 8 
in. shock tube, and the calibration w a s  checked af te r  the tes ts  i n  the 
shock tunnel. An impact pressure probe located i n  the plane of the 
f l a t  plate leading edge, cf. Fig. la ,  was  used t o  determine the flow 
Mach n e e r  f o r  an assumption of equilibrium expansion in  the cmical 
nozzle . The model wall t o  reflected stagnation temperature r a t i o  
f o r  these tests w a s  approximately 0.27 as presented in  Table 11. 

The vertical  

l a te  located slightly downstream of the 24 in .  dia- 

To minimize the real  gas effects the a i r  w a s  heated t o  a 

These reflected 

The local heat transfer rates are presented i n  Figs. 6a and b as a 
function of the distance from leading edge of the horizontal plate for 
vertical plate distance from the centerline of 0.5, 1 .0  and 1.5 in .  In 
Fig. 6a the surface heating rates are presented f o r  the reflected 
stagnation pressure of approximately 75 psia, stagnation temperature of 
2100°R, and flow Mach number of 19. 

5 
leading edge Knudsen number was approximately 35 with a unit Reynolds 
number of about 900 as presented in  Table 11. 
of the heat transfer rates on the horizontal plate by i t s e l f  i n  the 
shock tunnel a t  Mach numbers of 19.2 and 25.4 w i t h  a i r  indicated that 
the rarefied effects were quite large a t  these low unit Reynolds numbers. 
Since with a combustion driven shock tube technique, it is extremely 
diff icul t  to  produce exactly the same reflected stagnation conditions 
for a l l  shots, there is a s l ight  variation i n  the reflected stagnation 
conditions, as shown i n  Table I1 and Fig. 6a. 

For these t e s t  conditions the 

Previous investigations 

For these low density conditions a t  a Mach number of 19,  the local heat 
transfer rates over the i n i t i a l  portion of the sharp f l a t  plate are about 
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the same with some differences due t o  the s l ight  differences in  the 
stagnation temperature. 
the centerline the local heating rates started to  increase from the 
second gage located a t  0.310 in. from the leading edge with the peak 
increase occurring a t  approximately the 1.1 in.  location as shown i n  
Fig. 6a. In the previous investigation of the surface pressure d is t r i -  
butions and schlieren photographs of the shock wave and boundary layer 
formation for  a sharp f lat  plate i n  Ref.  4, the shock wave and boundary 
layer thickness of 0.25 in .  occurred a t  a distance of approximately 0.9 
in. from the plate leading edge. Thus, for these flow conditions, there 
seems t o  be an upstream effect of the shock wave from the vertical plate 
on the heating rates on the horizontal plate. A t  th is  vertical plate 
location, the maximum heat transfer rate was increased approximately 
25 percent with the 0.5 in.  wide heat gages. A t  a Mach number of 1 1 . 2  
and strong interaction parameter x of 2.5 i n  Ref. 29, the peak increase 
i n  the local heating rates was much greater than that  observed i n  the 
present investigation a t  a Mach nuniber 19.0.  In Ref. 43, for f l o w  over 
a wedge i n  a helium tunnel a t  a Mach number 28.9 with a sharp f l a t  
plate mounted perpendicular t o  the wedge surface, there w a s  only about 
a 30 percent increase i n  the surface pressure due t o  hypersonic corner 
flow phenomenon. 

W i t h  the vertical  plate located 0.5 in.  from 

Downstream of the region of the intersection of the leading edge shock 
wave from the vertical plate,  for  distances greater than 2 in . ,  the 
local heat transfer rates are less than values for the vertical plate 
located farther away from the plate centerline as indicated in  Fig. 6a. 
This is due t o  the thicker boundary layer existing on the horizontal 
plate because of the merging of the boundary layers for the two plates 
in  the corner region f o r  a la teral  location of 0.5 in .  for the vertical 
plate. 
up to the l a s t  heat gage location of 12.9 in. With the vertical plate 
located 1 .0  in. from the centerline, the leading edge shock from the 
vertical  plate leading edge would intersect the heat gages on the 
horizontal plate a t  a distance of approximately 2.5 in.  from the leading 
edge, based upon the schlieren photographs of the f low over a f l a t  
plate a t  a Mach number of 19 i n  Ref. 4. A t  th is  location the local 
heat transfer rates on the horizontal plate were not affected as much 
as for the vertical  plate a t  the 0.5 in.  location as shown i n  Fig. 6a. 
Evidently the leading edge shock wave from the vertical  plate is weak 
and the boundary layer on the horizontal plate is thick a t  the 2.5 in.  
location so that the leading edge shock wave effects on the heating 
rates are attenuated. Similar results with the vertical  plate mounted 
a t  a distance of 1.5 in.  from the centerline, where the leading edge shock 
wave from the vertical plate intersects the heat gages a t  approximately 
5 in.  from the leading edge of the horizontal plate. For this  condition 
the vertical  plate shock wave effects on the heat transfer rates were 
not apparent f o r  heat gages located upstream and downstream of the 5 in. 
location. 
flow phenomenon indicate that the effects of the leading edge shock wave 
and boundary layer from the vertical plate on the local heat transfer 
rates are only important towards the plate leading edge region. 

The lower heating rates existed for this  vertical plate location 

Thus, these results for the low density hypersonic corner 

The corner flow heat transfer rates a t  the higher reservoir pressure of 
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approximately 2200 psia for nearly continuum flow conditions are pre- 
sented i n  Fig. 6b a t  a Mach number of 19.9 and to t a l  temperature of 
approximately 2000°R, Table 11. For these test conditions the unit  
Reynolds number was approximately 29,000 and leading edge Knudsen number 
of about unity. 
wave from the vertical  plate placed 0.5 in. from the centerline would 
intersect the heat gages a t  approximately 1.1 in. downstream of the 
horizontal plate leading edge. As observed a t  lower density i n  Fig. 6a, 
the local heating rates are increased both upstream and downstream of 
1.1 in. location i n  Fig. 6b. But downstream of this  shock intersection 
region the local heat transfer rates are higher than the values observed 
with the vertical  plate placed a t  1.0 and 1 . 5  in.  from the centerline. 
A t  the lower density condition the heating rates downstream of the shock 
wave intersection were lower than that f o r  the plate placed farther away 
from the centerline as shown i n  Fig. 6a. 
be made a t  these two reservoir pressure conditions t o  determine the 
reason f o r  the different type of heating rates downstream of the shock 
wave intersection region. 
1.5 in.  from the centerline the local heat transfer rates did not indi- 
cate the increase i n  the heating rates due to  the shock wave inter- 
secting with the horizontal plate. 
wave intersections with the horizontal plate are a t  4.3 and 7.0 in.  
for the vertical  plate located a t  1.0 and 1.5 in.  respectively. 
a t  these high density conditions the corner flow effects on the local 
heat transfer ra te  are limited t o  very close to the corner region. 

A t  these high reservoir pressures the leading edge shock 

Boundary layer surveys should 

For the vertical  plate located a t  1.0 and 

From Ref. 4 the leading edge shock 

Thus, 

In Figs. 7a and 7b the local heat transfer coefficient is plotted as a 
function of the strong interaction parameter with the vertical plate a t  
distances of 0.5,  1.0,  and 1.5 in.  from the centerline for  two reflected 
reservoir pressures of approximately 75 and 2200 psia. For these two 
reservoir pressures the strong interaction parameter varied from 13.3 
to 530 over the heat gages on the horizontal f l a t  plate. For the lower 
pressure of 75 psia the strong interaction parameter ranged from 62 t o  
530 and the heat transfer rates i n  the corner flow region are presented 
in  Fig. 7a. In this  figure the heat transfer coefficient f o r  the strong 
interaction theoryll is also presented for the w a l l  temperature ra t io  of 
0.247 as a reference. In Ref. 5 it was observed that the local heat 
transfer rates departed from the theoretical values for  unit Reynolds 
number of 900 per inch, which is close t o  the value for the present 
tes ts .  For the vertical  plate located 0.50 in.  from the centerline, 
the local heat transfer coefficients over the initial two heat gages 
from the leading edge were nearly constant for  x values of 530 and 375 
respectively as shown in  Fig. 7a. 
were nearly an order of magnitude less than that  predicted by the 
strong interaction theory with no s l i p  flow a t  the surface. 
the region of the intersection of the leading edge shock wave from the 
vertical plate,  the local heat transfer coefficient increased and 
approached the theoretical curve. Downstream of the shock wave inter-  
section region, the local heat Jransfer rates were close t o  the theoretical 
values with the slope of the MIGl curve being slightly greater than 
the theoretical slope i n  Fig. 7a. 

And the heat transfer coefficients 

Close to  
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The effects of the corner flow upon the local heat transfer rates on the 
horizontal plate were rather small for  the vertical  plate locations of 
1 .0  and 1.5 in. from the centerline as indicated in  Fig. 7a. For both 
of these vertical plate locations the variations of M I Q l w i t h  the strong 
interaction parameter x were quite similar with large departures from 
the theoretical value near the leading edge. A t  the 1.0 in .  location 
f o r  the vertical plate the local heat transfer coefficients were about 
the same as for the 0.5 and 1.5 in.  plate locations over the i n i t i a l  two 
heat gages, but at  a x value of 250 the local heat transfer rates were 
about 35 percent less than the 0.5 in.  plate location. 
than 150 the local heat transfer coefficients were greater than fo3 the 
0.5 in.  plate location as indicated i n  Fig. 7a, and the slope of MICh 
as a function of x approached the theoretical value. 
plate a t  the 1 .5  in.  location, the local heat transfer coefficients were 
very close t o  the values for the 1.0 in.  plate location. Again for  x 
values less than 150 the local heat transfer coefficients were appreciably 
greater than for the plate location of 0.5 in.  
transfer coefficient w i t h  x for this plate location was similar t o  that 
observed i n  Ref. 5 for the f l a t  plate at  the low density conditions. By 
plotting the corner flow heat transfer coefficient, M1Chl, as a function 
of the strong interaction parameter x and comparing th experimental data 
with the strong interaction theory of L i  and Nagamatsufl, it is possible 
to  determine the increase in  the heating rates due t o  the hypersonic 
corner flow phenomenon. 

For x values less 

For the vertical  

The variation of the heat 

The variations of the local heat transfer coefficient as a function of 
the strong interaction parameter for nearly continuum flow conditions 
in  the vicinity of the leading edge region for reflected pressures of 
approximately 2200 psia are presented i n  Fig. 7b for a free stream Mach 
number of 19.9 and vertical  plate locations of 0.5,  1.0,  and 1.5 in.  
from the centerline. For this high density flow condition in  Ref. 5 
for the local heat transfer rates it was observed that the rarefied 
flow effects were negligible. 
of the strong interaction parameter varied from 13.3 t o  120.  
f i r s t  two heat gages from the leading edge the local heat transfer 
coefficient w a s  close to  the strong interaction theory of L i  and 
Nagamatsu for  a wall temperature ra t io  of 0.267. 
plate located a t  0.5 in .  the local heat transfer rates increased from 
the fourth heat gage location downstream from the theoretical values 
due to the shock wave intersection with the horizontal plate. 

Over the heat gage locations the value 
Over the 

W i t h  the vertical 

For the vertical  locations of 1.0 and 1 .5  in. from the centerline, the 
shock wave from the vertical  plate increased the heating rate  sl ightly 
above the theoretical values as indicated in  Fig. 7b, and the increase 
w a s  not as large as for  the 0 .5  in.  plate location. 
the heat transfer coefficient from the theoretical value was the least  
for the 1.5 in. plate location, and the departure increased as the 
vertical plate approached the centerline. Because of the high density 
flow conditions i n  the t e s t  section, unit  Reynolds number of approxi- 
mately 29,000 per inch, Table 11, the boundary layers on the plates are 
much thinner than for the lower density conditions so  that the hypersonic 
viscous corner flow effects are smaller than for the rarefied flow 

The departure i n  
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conditions as indicated in  Figs. 6 and 7 .  
effects on the local heat transfer rates were determined for  the horizontal 
and vertical  plates w i t h  a sharp leading edge. 
probably be observed w i t h  a blunter leading edge that  would have a stronger 
shock wave a t  the leading edge, and experiments w i l l  be conducted to deter- 
mine the bluntness and angle of attack effects on the hypersonic corner 
flow phenomenon. 

These hypersonic corner flow 

Much larger effects would 
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6.0 CONCLUSIONS 

Local surface heat transfer rates were measured on a sharp f l a t  plate 
a t  zero angle of attack with helium a t  Mach numbers of 67.3 and 86.8 i n  
a hypersonic shock tunnyl. For these Mach numbers the strong inter-  
action parameter, x = MI/&?, varied from 730 to 16,500, The leading 
edge Knudsen numbers were 8.39 and 17.1,  and the unit Reynolds numbers 
were 13,240 and 8,270 a t  Mach numbers of 67.3 and 86.8 respectively. 

For both Mach numbers the slopes of the local heat transfer coefficient 
with the strong interaction parameter downstream of the leading edge 
region agreed with the strong interaction prediction of L i  and Nagamatsu. 
But f o r  both Mach numbers the experimental data w a s  shifted to the right 
of the theoretical curve. 

Towards the leading edge region the local heat transfer rates became 
much less than the theoretical prediction and approached a constant 
value due to  the rarefied flow effects. But the local heat transfer 
rates a t  both Mach numbers were much greater than the free molecule 
l i m i t  with diffuse reflection a t  the plate  surface. 

The experimental heat transfer data indicated the beginning of the 
rarefied flow phenomena for  values of rarefaction parameter, vw = MI/-, 
of approximately 0.4 and 0.6 f o r  Mach numbers of 67.3 and 86.8 lespectively. 
These values are much higher than those observed with a i r  a t  Mach numbers 
of 19.2 and 25.4. 

The local heat transfer rates i n  the corner flow region produced by the 
intersection of two perpendicular f l a t  plates with sharp leading edges 
were determined with a i r  a t  a Mach number of approximately 19 .  Two re- 
flected stagnation pressures of approximately 75 and 2000 psia were used 
a t  a reflected temperature of approximately 2000'R. For these test 
conditions the unit Reynolds numbers were approximately 900 and 29,000 
and the leading edge Knudsen numbers were approximately 35 and 1 .0 .  The 
strong interaction parameter varied from 13 t o  530. For these investi- 
gations the vertical plate was  placed a t  0.5, 1 .0 ,  and 1.5 in.  from the 
centerline of the horizontal plate. 

A t  the low density flow conditions, the local heat transfer rates were 
increased approximately 35 percent i n  the corner region due t o  the 
interaction of the shock wave and boundary layer from the two sharp f l a t  
plates. For the high density continuum flow conditions, the local heat 
transfer rates i n  the corner flow region were increased but not as much 
as for the rarefied hypersonic flow. 

By comparing the local heat transfer coefficient i n  the corner flow 
region with the strong interaction theory of L i  and Nagamatsu, it is  
possible to  determine the corner flow effects on the heating rates. 
Further experimental and analytical investigations m u s t  be conducted 
to understand the hypersonic corner flow phenomena with l i f t ing  surfaces. 
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TABLE I 

CONDITIONS FOR HELIUM TESTS 

p5 T5 l1 
- RUn (PS ia) (OR) Tw/T5 M1 - (Re/ in) (In. x 103) 

1 1336 2280 0.237 67.3 13,240 8.39 8.39 

2 1346 2280 0.237 86.8 8,270 1 7 . 1  17 .1  

TABLE I1 

CONDITIONS FOR CORNER AIR FLOW TESTS 

p5 
RUn (psia) 

1 75 

- 

2 80.5 

3 75.5 

4 19 88 

5 2220 

6 2220 

T5 
COR) 

2160 

2160 

2000 

2000 

2000 

2000 

Tw/T5 
Y 

(in .) Re/in 

0.250 0.5 19.0 79 0 37.0 

0.250 1 .0  19.0 89 1 32.8 

0.270 1 . 5  19.0 9 36 31.4 

0.270 0 .5  19.9 26,600 1 .12  

0.270 1.0 19.9 29,600 1.02 

0.270 1 . 5  19.9 29,600 1 - 0 2  

Knl - 
37.0 

32.8 

31.4 

1 . 1 2  

1.02 

1.02 



FIGURE 1 ~ ,  FLAT PLATE HEAT TRANSFER  EL^ 



FIG. Ib SCHEMATIC OF FLAT PLATE HEAT TRANSFER MODEL FOR CORNER FLOW 
AR R A NGE MENT 
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